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We evaluate the temporal partial coherence of transmission electron microscopy (TEM) using the three-
dimensional (3D) Fourier transform (FT) of through-focus images. Young's fringe method often indicates
the unexpected high-frequency information due to non-linear imaging terms. We have already used the
3D FT of axial (non-tilted) through-focus images to reduce the effect of non-linear terms on the linear
imaging term, and demonstrated the improvement of monochromated lower-voltage TEM performance
[Kimoto et al., Ultramicroscopy 121 (2012) 31–39]. Here we apply the 3D FT method with intentionally
tilted incidence to normalize various factors associated with a TEM specimen and an imaging device. The
temporal partial coherence of two microscopes operated at 30, 60 and 80 kV is evaluated. Our method is
applicable to such cases where the non-linear terms become more signiﬁcant in lower acceleration
voltage or aberration-corrected high spatial resolution TEM.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
The spherical aberration corrector was a quantum leap forward
in high-resolution transmission electron microscopy (TEM) [1]. It
brought about a breakthrough in high-resolution lower-voltage
TEM, and a variety of novel nanostructured materials have been
explored utilizing its high spatial resolution, high image contrast
and low knock-on damage [2–4]. Novel aberration correctors are
still under development and the assessment of their performance
is essential. The performance of an aberration-corrected TEM is
determined by the information limit represented by the envelope
functions in the contrast transfer function. The information limit is
usually evaluated using the Young's fringe method, in which the
diffractogram of a double-exposure image with a given image shift
is analyzed. The ﬁnest observable Young's fringes were often
accepted to be the spatial resolution.r B.V.
aterials Science, 1-1 Namiki,
02; fax: +81 29 860 4700.
.koji@gmail.com (K. Kimoto).
Open access under CC BYThe TEM performance should be discussed on the basis of the
linear imaging term, which linearly reﬂects the specimen potential
distribution. However, the non-linear terms, which correspond to
the interference between diffracted waves, are usually super-
imposed onto practical TEM images. Since the Young's fringe
method cannot discriminate between linear and non-linear ima-
ging terms [5,6], unexpected high-frequency information has often
been demonstrated. Hence, other sophisticated methods based on
the diffractograms using a tilted incidence were developed for
quantitative assessments [7,8]. Nevertheless, the methods based
on diffractogram cannot discriminate between linear and non-
linear imaging terms. This is a major difﬁculty in the existing
procedures for evaluating TEM performance, when the non-linear
terms become signiﬁcant. Note that an aberration corrector
increases image amplitude due to scattered waves, and thus the
contribution of the non-linear terms becomes more signiﬁcant
than before. In addition, the assessment of lower-voltage TEM
becomes more complicated because of the substantial non-linear
terms due to the strong interaction between the lower-voltage
electrons and the specimen.
The three-dimensional (3D) Fourier transform (FT) of through-
focus TEM images allows us to reduce the effect of non-linear
terms on the linear imaging term, which converges onto twin
Ewald spheres in the 3D FT using an amorphous specimen [9–13].
In our previous work [6], the improvement of monochromated-NC-ND license. 
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FT of through-focus images, and the limitation of the Young's
fringe method was revisited in the light of the 3D FT method. We
also found that the Young's fringes of 80 kV TEM images are
considerably affected by non-linear terms, even from a typical
standard specimen such as an amorphous Ge thin ﬁlm of 7 nm
thickness. Although we demonstrated the advantage of a mono-
chromator in lower-voltage TEM, the quantitative evaluation of
the temporal envelope functions was not achieved in our previous
work [6]. To compare diverse TEM systems with different imaging
devices and different specimens, it is necessary to develop the
quantitative assessment procedure that will be applicable even
when the non-linear terms become signiﬁcant.
In this report, we achieve the quantitative evaluation of
temporal partial coherence, in other words, we determine the
spatial frequency at which information transfer decreases to 1/e2
(13.5%). Here, we use the 3D FT of through-focus TEM images
obtained under a tilted incidence condition from a relatively thick
specimen.2. Experimental
Two spherical-aberration-corrected microscopes were assessed
and compared at a relatively lower acceleration voltage. The major
parameters of the microscopes and the experimental conditions
are given in Table 1.
One transmission electron microscope was a Titan3 (FEI) equipped
with a monochromator and a spherical aberration corrector for
image forming (CEOS, CETCOR). The acceleration voltage E0 was
80 kV. The third-order spherical aberration was eliminated within
the conﬁdence level (3 μm) of the corrector. High-current, mono-
chromatic and parallel illumination is a technical challenge for
monochromated TEM systems. Energy-dispersive critical illumina-
tion (so-called rainbow illumination) [14] is often used to realize
local high energy resolution and high illumination current simulta-
neously. However, here we used a small energy-selection aperture
(1 μm in diameter) at the energy dispersion plane of the mono-
chromator in order to simultaneously realize parallel (non-critical)
illumination and high energy resolution.
The other transmission electron microscope was equipped with
a cold ﬁeld-emission gun (CFEG) and the spherical aberration
corrector developed in the TripleC project [15,16]. This microscope
was operated at 60 and 30 kV. This spherical aberration corrector
(so-called delta corrector) eliminates not only the third-order
spherical aberration but also the six-fold astigmatism by using
three dodecapoles. The chromatic aberration coefﬁcient Cc of the
TripleC instrument was lower than that of a commercial micro-
scope because of the narrow-gap objective lens.
The chromatic aberration coefﬁcients of both the microscopes
(Table 1) were measured from the defocus variation per accelera-
tion voltage change. The chromatic aberration coefﬁcients include
all the chromatic aberration effects in the imaging system includ-
ing each aberration corrector. The full width at half maximumTable 1
Microscope parameters and experimental conditions. The chromatic aberration coefﬁcie
aberration corrector. The full width at half maximum (FWHM) of the energy spread o
electron energy-loss spectroscopy.
Microscope Acceleration voltage
(kV)
Chromatic aberration
coefﬁcient (mm)
FWHM
spread (
Titan3 with
monochromator
80 1.50 0.10
TripleC with CFEG 60 0.79 0.40
30 0.63 0.32(FWHM) of the energy spread of an electron source was measured
by electron energy-loss spectroscopy. Through-focus TEM images
were acquired and analyzed using in-house scripts of DigitalMi-
crograph (Gatan) [17,18]. We acquired 129 images with a small
focus step (o2 nm) around the in-focus using the script. A
guideline for the required defocus step was given in our previous
report [6]. The exposure time for each TEM image was 1 s in all the
experiments. Although we acquired 129 images in this study, a
smaller number (e.g., 32) of TEM images were sufﬁcient to utilize
this method [6]. TEM images with 10241024 pixels were
acquired using the charge-coupled device (CCD) cameras (Gatan,
UltraScan) with 22 binning. The pixel size on the specimen for
each experiment was a few tens of picometers, as listed in Table 1.
Although the information limit can be assessed using a single
through-focus series with tilted incidence, as described in the
following section, we also measured another through-focus series
with on-axis incidence for comparison. The TEM specimen was an
amorphous carbon ﬁlm, whose thickness was evaluated using
electron energy-loss spectroscopy. Note that the specimen thick-
nesses in Table 1 are relatively high for conventional high-
resolution TEM imaging. For instance, 0.4 times the total inelastic
mean free path (MFP) corresponds to a thickness of 36 nm at
80 kV, which is no longer a weak-phase object.
The specimen drift in the through-focus images was corrected
using the cross-correlation between the sequential images. Sys-
tematic image shifts due to the intentional tilted incidence were
not corrected. Since the image misalignment in through-focus
images yields artifacts in their 3D FT, sub-pixel drift correction was
performed. An FT was performed using free software (HREM
Research Inc., IPU plug-in [18]) on DigitalMicrograph (Gatan,
GMS 1.8). The typical image size used for the 3D FT was
512512129 and 132 MB.3. Theoretical outline
In this study the TEM imaging property is assessed using the
3D FT of through-focus TEM images. There were pioneering
theoretical studies on through-focus TEM imaging [9,10], and the
theoretical basis of the 3D FT of through-focus TEM images was
described by a few research groups as the 3D optical transfer
function or parabola method [11–13]. Tilted-incidence observation
is a well-known approach for achromatic imaging [19,20] and has
already been combined with the sophisticated diffractogram-
based techniques for quantitative TEM assessment [7,8]. In this
section we give a theoretical outline of the 3D FT method on the
basis of established partially-coherent imaging theory [21], focus-
ing on the case of a strongly scattering object and tilted
illumination.
A set of through-focus TEM images I(x,y) are stacked as a
function of defocus z, and a 3D data set Ixyz, whose coordinates are
(x,y,z)¼(r2,z), is constructed. Under partially-coherent imaging
conditions, a TEM image of the 3D data set at the defocus z is an
incoherent sum of the image intensity obtained under eachnts in this table include the effects of all the imaging systems, such as the spherical
f the electron source and the relative specimen thicknesses were measured using
of energy
eV)
Pixel size on specimen
(pm/pixel)
Focus step
(nm)
Specimen thickness
(MFP)
26.5 1.37 0.40
28.7 1.93 0.29
35.6 1.96 0.25
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Ixyz ¼ Iðr2; zÞ ¼
Z ψðr2; z; g′2; z′Þ
2sðg′2Þf ðz′Þdg′2dz′; ð1Þ
where ψðr2; z; g′2; z′Þ is a complex image wave at the imaging plane
observed for incident beam direction g′2 and defocus shift z′. s(g2)
and f(z) are the distributions of the incident beam direction and
defocus shift, respectively. We may note that an effective defocus
in Eq. (1) is z−z′, and thus the integration along z′ becomes a
convolution integral ⊗z
Ixyz ¼
Z
jψðr2; z−z′; g′2Þj2sðg′2Þf ðz′Þdg′2dz′
¼
Z
jψðr2; z; g′2Þj2sðg′2Þdg′2
 
⊗zf ðzÞ
Then, the 1D FT along the z direction may be described using the
Fourier convolution theorem as
Ixyw ¼ FTz Iðr2; zÞ½  ¼ FTz
Z
jψðr2; z; g′2Þj2sðg′2Þdg′2
 
f ðwÞ:
This expression indicates that the FT of the defocus distribution
f(w) is the envelope of the 1D FT Ixyw along the w-axis. Note that
the w-axis is not a crystallographic reciprocal direction but a focal
frequency depending on the TEM imaging condition.
Next, we consider the stack of 2D FTs of TEM images denoted as
Iuvz. The 2D FT of each image of the 3D data set at defocus z is
given by
Iuvz ¼ Iðg2; zÞ ¼ FTr2 ½Iðr2; zÞ
¼
Z
FTr2 ½jψðr2; z; g′2; z′Þj2sðg′2Þf ðz′Þdg′2dz′
¼
Z
FTr2 ½jψðr2; z; g′2; z−z′Þj2sðg′2Þf ðz′Þdg′2dz′
¼
Z
FTr2 ½jψðr2; z; g′2; z′Þj2sðg′2Þdg′2
 
⊗zf ðzÞ: ð2Þ
Here, we also notice that an effective defocus is z−z′, and thus the
integration along z′ becomes a convolution integral. Then, the 1D
FT of Iuvz along the z-axis yields the 3D FT of the through-focus
images, which is a 3D complex data set Iuvw with (u,v,w)¼(g2,w):
Iuvw ¼ FTz½Iuvz . The 3D FT of the through-focus images obtained by
the 1D FT along the z direction may be described using the Fourier
convolution theorem as
Iuvw ¼ FTz
Z
FTr2 ½jψ ðr2; z; g′2; z′Þj2sðg′2Þdg′2
 
f ðwÞ
¼
Z
FT3D½jψðr2; z; g′2; z′Þj2sðg′2Þdg′2f ðwÞ: ð3Þ
This expression indicates that the FT of the defocus distribution
f(w) is the envelope of the 3D FT Iuvw along the w-axis. This means
that we may be able to evaluate the defocus distribution from the
envelope of the 3D FT. If the defocus distribution is Gaussian with
defocus spread Δ, its FT has the form expf−ðπΔwÞ2g.
Now, we analyze the 3D FT based on the transmission cross-
coefﬁcient (TCC) [21] and discriminate linear and non-linear terms in
the 3D FT. The wave function ψ^ðr2Þ at the specimen exit surface may
be described as ψ^ðr2Þ ¼ 1þ ϕ^ðr2Þ, a sum of the incident wave and a
scattered wave. Then, the image intensity is given by jψ ðr2Þj2 ¼
jψ^ðr2Þ⊗psf ðr2Þj2 ¼ 1þ ϕðr2Þ þ ϕnðr2Þ þ jϕðr2Þj2, where psf ðr2Þ is a
point-spread function of the imaging system, and ϕðr2Þ ¼
ϕ^ðr2Þ⊗psf ðr2Þ. The contribution of the non-linear term relative to
the linear terms is given by jϕðr2Þj2=2Re½ϕðr2Þ ∝jϕðr2Þj=2. When the
image aberrations are reduced by using an aberration corrector, the
point-spread function becomes sharp, and an aberration-corrected
image wave ϕðr2Þ gives a higher contrast image. Thus, the contribu-
tion of the non-linear terms to the image intensity becomes high by
aberration correction. In addition, the non-linear terms become more
signiﬁcant due to the strong interaction between the specimen andincident electrons in a lower-voltage TEM. Therefore, the discrimina-
tion of the non-linear termwill become more important than before.
The 2D FT of each image taken under partially coherent
imaging conditions at defocus z and incident beam tilt τ2 is given
by [21]
Iuvz ¼ Iðg2; zÞ ¼ δðg2Þ þ Φðg2ÞT2ðg2 þ τ2; τ2; zÞ
þΦnð−g2ÞT2ðτ2; τ2−g2; zÞ
þ
Z
Φðg2 þ k2ÞΦnðk2ÞT2ðg2 þ k2 þ τ2;k2 þ τ2; zÞdk2
¼ δðg2Þ þ Φðg2ÞT2ðg2 þ τ2; τ2; zÞ
þΦnð−g2ÞTn2ðg2−τ2;−τ2; zÞ þ ðnon linear termÞ: ð4Þ
Here, Φðg2Þ represents the FT of the scattered wave at the exit
specimen surface. T2ðg ′2; g″2; zÞ is the conventional (2D) TCC. The
second line is obtained by using the property of the TCC [21].
It is very important to notice that the scattering wave is not
necessarily small compared with the incident wave of unity, and
thus the 3D FT method does not rely on the weak-phase or weak-
scattering-object approximations. Then, Φðg2Þ may not satisfy the
Friedel's law, i.e., Φnð−g2Þ ¼Φðg2Þ, which is generally assumed in
the case of diffractogram analysis. Therefore, the applicable speci-
men thickness for the 3D FT method is much larger than that for
diffractogram-based techniques. Furthermore, the 3D Fourier ana-
lysis can even be applied for TEM images taken from an amor-
phous specimen consisting of heavy elements, such as tungsten.
Note that the z-dependence of Iuvz appears only in the 2D TCC.
Thus, the 3D FT of the through-focus images Iuvw, given by the 1D
FT of Iuvz along the z-direction, is simply obtained by the 1D FT of
the 2D TCC as
Iuvw ¼ FTz½Iðg2; zÞ ¼ δðg3Þ þ Φðg2ÞT3ðg2 þ τ2; τ2;wÞ
þΦnð−g2ÞTn3ðg2−τ2;−τ2;−wÞ þ ðnon linear termÞ: ð5Þ
Here, T3ðg′2; g″2;wÞ ¼ FTz½T2ðg′2; g″; zÞ may be called the 3D TCC,
which is introduced for the ﬁrst time in this study. This equation
demonstrates that the linear imaging terms of the 3D FT of
through-focus images is determined by the 3D TCC.
We may note that the linear term of the 2D TCC T2ðg2 þ
τ2; τ2; zÞ in the case of tilted illumination is a special case of
T2ðg′2; g″2; zÞ for the two general scattering vectors g′2 and g″2
[21], and is given by
T2ðg2 þ τ2; τ2; zÞ ¼ Aðg2 þ τ2ÞAðτ2Þexpf−i½χ^ðg2 þ τ2Þ−χ^ðτ2Þg
expf−iπλz½jg2 þ τ2j2−jτ2j2gKtðg2 þ τ2; τ2ÞKsðg2 þ τ2; τ2; zÞ: ð6Þ
Here, A(g2) is the aperture function, and the wave aberration is
decomposed into a defocus-dependent term and the remainder of
the aberrations: χðg2; zÞ ¼ πλzg2 þ ~χ ðg2Þ. Kt and Ks denote the
damping envelope functions of temporal and spatial partial
coherence, respectively. They are given by
Ktðg2 þ τ2; τ2Þ ¼ expf−ðπΔλ=2Þ2ðjg2 þ τ2j2−jτ2j2Þ2g ð7Þ
and
Ksðg2 þ τ2; τ2; zÞ ¼ expf−ðπα0Þ2ð∇ ~χ ðg2 þ τ2Þ−∇ ~χ ðτ2Þ þ zg2Þ2g: ð8Þ
Here, we assume Gaussian functions for sðg2Þ and f(z) with beam
convergence α0 and defocus spread Δ, respectively. Note that Kt
depends on the defocus spread but not on the value of the defocus
z. If the illumination is almost parallel (i.e., α0 is small) and/or the
wave aberrations except for the defocus are almost corrected (i.e.,
∇ ~χ is negligible), the damping envelope function for spatial partial
coherence becomes almost constant.
The 3D TCC in the case of tilted illumination under such
approximations is thus given by
T3ðg2 þ τ2; τ2;wÞ≈Aðg2 þ τ2ÞAðτ2Þexpf−i½χ^ðg2 þ τ2Þ−χ^ðτ2Þg
Ktðg2 þ τ2; τ2Þ⋅FTz½expf−iπλz½jg2 þ τ2j2−jτ2j2g
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Ktðg2 þ τ2; τ2Þδðw−0:5λ½jg2 þ τ2j2−jτ2j2Þ: ð9Þ
Here, we use the relation FTz½expf−2πiazg ¼ δðw−aÞ, where δ is a
delta function. Therefore, the linear terms of the 3D FT Iuvw show
two parabolas given by δðw∓0:5λ½jg27τ2j2−jτ2j2Þ as shown inFig. 1. Schematic drawing of the 3D Fourier transform (FT) of through-focus TEM
images with tilted incidence: (a) the vw-plane at u¼0 shows twin tilted Ewald
spheres touching at the origin; (b) the uv-plane at w¼0 shows twin circles which
are cross-sections of the tilted Ewald spheres; and (c) schematic drawing of w
dependence of Kt(|w|). The actual tilting angle of the incident electrons in this
method is less than 50 mrad in this study.
Fig. 2. Examples of three types of 3D data obtained using Titan3 at 80 kV: (a) through-fo
image Iuvw. Upper and lower panels correspond to the results obtained under the on-a
36.3 mrad. Since the scales for the u-, v-axes and the w-axis are different, the tilting anFig. 1a. Since each parabola is an approximation of a sphere, these
parabolas were often called Ewald spheres in previous reports, and
we also use this term. Note that the wave aberrations do not
change the shape of the Ewald spheres but affect the phase on the
spheres. The angle between the line connecting the centers of the
two Ewald spheres and the w-axis corresponds to the tilt angle
under the tilted illumination. The Ewald spheres give two circles
on the uv-plane (at w¼0) as shown in Fig. 1b, which correspond to
the locations where the temporal envelope takes its maximum
value of unity. Thus, these two circles are able to be called
achromatic circles and are analogous to the achromatic circles in
a diffractogram with tilted incidence [7]. However, it may be
noteworthy that the current method does not use a set of stacked
diffractograms, but the 3D FT Iuvw of the tilted through-focus
series to evaluate temporal partial coherence.
If we note w¼ 0:5λðjg2 þ τ2j2−jτ2j2Þ on the Ewald spheres, the
temporal envelope Kt given by Eq. (7) becomes a simple function
of the w coordinate,
Ktðg2 þ τ2; τ2Þ ¼ expf−ðπΔwÞ2g ¼ Ktðw;EwaldÞ; ð10Þ
and becomes the envelope function of the 3D FT along the w-axis
as shown by Eq. (3).
The 3D FT Iuvw depends not only on the scattering amplitude
Φðg2Þ but also on the modulation transfer function (MTF) of the
recording system as well as the isotropic image degradation [8].
Since the scattering amplitude Φðg2Þ for amorphous materials
depends only on jg2j, the modulus of the 3D FT Iuvw on the Ewald
spheres is given by
Mðjg2j;wÞ ¼Mtðjg2jÞΦðjg2jÞexpf−ðπΔwÞ2g; ð11Þ
whereMtðjg2jÞ represents all the TEM imaging factors that depend
on jg2j including the MTF. The modulus of the 3D FT on the Ewald
spheres at w¼0 is Mðjg2j;0Þ ¼Mtðjg2jÞΦðjg2jÞ (Fig. 1b). Then, the
temporal damping factor may be evaluated from the modulus ofcus TEM images Ixyz; (b) the stack of 2D FTs Iuvz; and (c) 3D FT of the through-focus
xial and off-axial illumination conditions, respectively. The incident tilting angle is
gle appears to be large, and the Ewald spheres become ellipses on the vw-plane.
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Ktðw;EwaldÞ ¼ expf−ðπΔwÞ2g ¼Mðjg2j;wÞ=Mðjg2j;0Þ: ð12Þ
The denominator Mðjg2j;0Þ normalizes all the isotropic factors
associated with a TEM specimen and an imaging system, and the
inherent temporal damping envelope along the w-axis is given by
Eq. (12). Then, we will be able to assess the information limit winfo
that gives 1/e2 (13.5%) information transfer (see Fig. 1c). The
corresponding spatial frequency jg2j of the linear imaging term
in the case of the usual on-axial condition is obtained using
w¼ 0:5λg22, which is the information limit of the TEM system.4. Results and discussion
Fig. 2 shows the examples of experimental results obtained
using the monochromated 80 kV TEM (Titan3): (a) through-focus
TEM images Ixyz; (b) the stack of 2D FTs of each TEM image Iuvz;
and (c) the 3D FT of the through-focus TEM images Iuvw. In this
report the brightness level of complex FT data represents the
logarithmic values of the moduli. The upper ﬁgures are the results
under the on-axis illumination condition, and the lower ﬁgures are
those obtained with intentional tilted incidence along the v
direction. Note that the through-focus images with tilted incidence
show constant image shifts (lower panel of Fig. 2a). Because of the
large thickness of the specimen, the TEM images do not show clear
contrast reversal or minimum contrast in their defocus depen-
dences. As shown in Fig. 2b (upper panel), the diffractogram (2D
FT) under the on-axial condition does not show Thon rings,
suggesting that it is no longer a weak-phase object. The diffracto-
gram for the tilted incidence (lower panel of Fig. 2b) shows a
couple of hyperbolas only at the very low scattering angle
indicating substantial tilt-induced astigmatism; this may be
because the intentional tilting angle of 36.3 mrad is too larger
than the angle (21 mrad) of the π/4-limit corrected by the image
corrector. These diffractograms indicate that the techniques using
2D FT are not suitable for this specimen. In contrast, the 3D FT of
the through-focus image clearly shows the twin Ewald spheres inFig. 3. (a) Rotationally-averaged 3D FT of the through-focus images obtained under on
upper panel of Fig. 2a. (b) Line proﬁles along the w-axis direction for various lateral
frequency of 11 nm−1, as shown by open circles in b.both the on- and off-axial cases as shown in Fig. 2c. This is because
the linear terms converge on the Ewald spheres, while the non-
linear terms spread out over the 3D FT space. Consequently, we
can signiﬁcantly reduce the contribution of non-linear terms on
the Ewald spheres using 3D FT, and thus we can use the thicker
specimen that cannot be used with the method based on 2D FT
(diffractogram). The thin Ewald spheres indicate the negligible
effect of Ks, i.e., the realization of parallel illumination even in the
monochromated TEM observations.
We ﬁrst analyze the information transfer using the on-axial
result as in our previous report [6]. Fig. 3a and b shows the
rotationally-averaged 3D FT of the on-axial through-focus images
and line proﬁles along the w-axis direction for various lateral
frequencies |g2|¼(u2+v2)1/2 from 9 to 12 nm−1. As shown by small
open circles in Fig. 3b, we can recognize the Ewald spheres up to a
lateral frequency of 11 nm−1, suggesting a high spatial resolution of
about 90 pm. However, the quantitative degree of contrast damp-
ing is not well deﬁned, because the signal of the Ewald spheres
depends on various factors, such as the atomic scattering factor,
specimen structure, specimen thickness, the MTF of the imaging
device, and other instrumental instabilities.
The line proﬁles in Fig. 3b show substantial backgrounds. The
w-independent feature suggests an abrupt discontinuity in
through-focus images, and the probable reasons for this are the
misalignment of the stacked through-focus images, the structural
modulation due to electron irradiation, and the quantum noise of
through-focus images. We subtract this background to evaluate
the moduli Mðjg2j;wÞ and Mðjg2j;0Þ for each 3D FT. It should be
emphasized that this background subtraction is essential for
quantitative evaluation of the information limit; otherwise, the
modulus Mðjg2j;wÞ and the ratio Kt(w) would not asymptotically
approach zero at high w frequency.
Fig. 4a and b shows vw and uv cross-sections of the 3D FT of the
tilted-incidence through-focus images obtained using the Titan3
microscope. These ﬁgures correspond to the schematics of Fig. 1a
and b, respectively. The measurement of Mðjg2j;wÞ is performed in
the lateral frequency range of 4–7 nm−1. In this frequency range
we can obtain sufﬁciently strong signals even from the carbon-axial condition using Titan3 at 80 kV. The original TEM images correspond to the
frequencies |g2|¼(u2+v2)1/2. Ewald spheres can be recognized up to a high lateral
Fig. 4. 3D FT of through-focus images with tilted incidence using Titan3 at 80 kV. (a) vw-plane at u¼0 and (b) uv-plane at w¼0. The dashed circle corresponds to
|g2|¼6 (nm−1). (c) Line proﬁles along the w-axis direction at three coordinates (i), (ii), and (iii), whose lateral frequencies |g2| are 6 nm (nm−1). Since the three proﬁles are
measured at the same lateral frequency, various factors associated with the specimen and imaging device are constant, showing that Kt decreases with the increasing |w|.
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Fig. 5. Ratios Kt(|w|) for (a) monochromated microscope (Titan3) at 80 kV and CFEG
microscope (TripleC) at (b) 60 kV and (c) 30 kV. Solid lines indicate curve ﬁttings
based on a Gaussian function. The dashed line is a curve ﬁtting based on a
Lorentzian function. The closed symbols on the horizontal line at 13.5% are
estimated using the nearest experimental data points shown by the open symbols.
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current specimen becomes very low at a high lateral frequency of
larger than 10 nm−1. Fig. 4c shows line proﬁles along the w-axis at
three (u,v) coordinates (i), (ii) and (iii), whose lateral frequencies
|g2| are 6 nm (nm−1). Since all the proﬁles depend on the same
Φðjg2jÞ and Mtðjg2jÞ, they clearly show that Kt decreases with the
increasing |w|.
The evaluated ratio Kt is plotted as a function of spatial
frequency |w| in Fig. 5. The solid lines in Fig. 5 are curve ﬁttings
assuming Gaussian functions. While we measured the w-depen-
dent modulus on the wv-plane at u¼0 (Fig. 4a), we can also
measure the modulus in different g2 directions with the same w
value, as indicated by the symbols in the dashed ovals. The spatial
frequency winfo at a ratio Kt of 1/e2 is found to be 0.26 nm−1 for
Titan3, as shown by the closed triangle on the curve in Fig. 5a. The
linear-term resolution at the spatial frequency winfo under the on-
axial condition can be estimated using w¼ 0:5λg22 assuming
untilted Ewald spheres, and it is found to be 90 pm (see Table 2),which corresponds to a high spatial resolution of 22λ. We also
estimate the nominal information limit using the energy spread of
the electron source. Although the actual defocus spread depends
on three factors: (a) the energy spread of the electron source;
(b) the objective lens current instability; and (c) the acceleration
voltage instability, here we only consider factor (a). The nominal
information limit is calculated based on the equations given by
Spence [22], in which the 1/e2 contrast transfer limit is given as
(πλΔRMS/2)1/2, where ΔRMS is the root mean square of the defocus
spread. The root mean square of the energy spread ΕRMS is
calculated using the FWHM of the energy spread ΕFWHM as
ΕFWHM/(8ln2)1/2 [22]. The calculated nominal information limit is
also listed in the center column of Table 2. We found that the
experimental result (right column) of the information limit
(90 pm) is similar to the calculated nominal information limit
(73 pm) estimated from the energy spread of the electron source.
This suggests that the other instabilities (factors (b) and (c)) are
not very large and that the energy spread of the electron source is
still a dominant factor associated with the information limit even
in the case of a 100 meV monochromated incident beam.
Next we perform the same analysis for the other microscope
(TripleC) equipped with the CFEG at 60 and 30 kV. The left panels
of Fig. 6a and b show the rotationally-averaged 3D FTs of through-
focus images at 60 and 30 kV, respectively. Thin Ewald spheres
indicate the small convergence angle of the incident electrons
given by the CFEG. Then we perform the experiment with tilted
incidence to evaluate Kt at 60 and 30 kV as shown in the right
panels of Fig. 6a and b. The Kt evaluated from the 3D FT is plotted
in Fig. 5b and c. It is clear that the information transfer decreases
at a lower acceleration voltage. The frequencies of the 1/e2
information transfer are estimated to be 0.17 and 0.10 nm−1 for
60 and 30 kV, respectively, as shown by closed symbols. The
discrepancy in the Gaussian ﬁtting is discussed later. A summary
of these results is given in Table 2. The 1/e2 information limits of
the TripleC microscope are 120 and 187 pm at 60 and 30 kV,
respectively. In contrast to the result of Titan3, the measured 1/e2
information limits for the TripleC are almost equal to the nominal
information limits. This indicates that the energy spread of the
Table 2
Experimental results of the information limits obtained by the 3D FT of through-focus TEM images. The root mean square (RMS) defocus spread ΔRMS and nominal
information limit are calculated using the chromatic aberration coefﬁcient and the energy spread (see main text). Numbers in bold characters are experimental results in this
study. winfo denotes the w frequency at which the contrast reduction rate is 1/e2. The expected linear-term information limit under the on-axial condition is evaluated using
(λ⧸2winfo)1/2, and it is the quantitative index of TEM performance.
Microscope Acceleration
voltage (kV)
Nominal RMS defocus
spread, ΔRMS (nm)
Nominal information limit,
(πλΔRMS/2)1/2 (pm)
1/e2 information limit
frequency, winfo (nm−1)
1/e2 information limit,
(λ⧸2winfo)1/2 (pm)
Titan3 with
monochromator
80 0.81 73 0.26 90
TripleC with CFEG 60 2.26 131 0.17 120
30 2.86 177 0.10 187
Fig. 6. 3D Fourier transforms of through-focus images obtained using an aberration-corrected microscope (TripleC) with a CFEG at (a) 60 kV and (b) 30 kV. The uv-planes of
the 3D FTs obtained under on-axial (left) and off-axial (right) conditions are shown. On-axial results are rotationally averaged, similarly to Fig. 3a. White arrows show the
1/e2 information limits obtained in the present study.
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and that the other instabilities are negligible.
The Gaussian ﬁtting applied in Fig. 5 relies on the assumption
that the defocus spread (and its FT) is represented as a Gaussian
function. However, we found that a Gaussian function does not
always ﬁt the experimental results; for instance, Fig. 5c shows
systematic deviation at a higher w frequency. In the case of the
TripleC microscope, the energy spread of the CFEG is considered to
be the dominant factor in terms of defocus spread, as mentioned
above. Since the energy spread distribution of the CFEG is very
different from a Gaussian function, another function might be
suitable for representing the defocus spread distribution. The
lower energy-loss side of the ideal CFEG zero-loss peak has a
steep onset as an exponential function (i.e., a Fermi tail) [23,24];
therefore, a Lorentzian function (the FT of an exponential function)
is ﬁtted to the data as shown by a dashed line in Fig. 5c. Although
it is difﬁcult to propose a new ﬁtting function based on the present
measurements, the 3D FT method can estimate an appropriate
shape for the damping envelope function. Despite the difference in
the envelope function shape, the spatial frequency winfo at which
the Kt becomes 1/e2 is a quantitative index of temporal partial
coherence.5. Conclusion
We have evaluated the information transfer of two electron
microscopes using the 3D FT of through-focus images of a thick
specimen with intentional beam tilt. In addition to reduce the
effect of non-linear terms on the linear imaging terms, the present
procedure can normalize various specimen-dependent factors and
imaging device factors, and thus evaluate TEM performance more
quantitatively than our previous report [6]. The measurement of
the temporal partial coherence gives a clue of revealing the source
of the limiting factor in an existing TEM system. It was also found
that the defocus spread due to the energy spread is critical for
lower-voltage TEM even in the case of a monochromated system.
Although we have applied the 3D FT method to lower-voltage
TEM, the method is also applicable to high-resolution higher-
voltage TEM. Ultrahigh (e.g., 50 pm)-resolution observation made
possible by using an aberration corrector often suffers weak
high-angle scattering intensity and increased contribution of the
non-linear terms, which is problematic for the Young′s fringe
method. The 3D FT method with a large tilted incidence can
introduce sizeable temporal damping using relatively low-angle
high-intensity signals as in the case of sophisticated diffractogram
K. Kimoto et al. / Ultramicroscopy 134 (2013) 86–93 93analysis [7,8]. However, the method based on the diffractogram
should be carefully applied because they cannot discriminate
between the non-linear and linear terms.
A set of 3D data for the present method can be automatically
acquired without specialized equipment, and the entire procedure,
including data acquisition and analysis, can be performed using a
few scripts [17] or free software [18]. Moreover, the 3D FT method
can be performed with a thick carbon ﬁlm or heavy-atom
amorphous specimen. In addition, it can be applied to various
systems including uncorrected conventional microscopes and
chromatic aberration corrected microscopes. Consequently, the
3D FT method is suitable for comparing the performances of
diverse TEM systems.Acknowledgments
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